To improve the fidelity of measured aerodynamic characteristics at high angle of attack for modern jet fighters, this paper examines the model wake blockage effect. The wake blockage effect in a 2:2 Â 3:1 m low-speed wind tunnel is investigated by analyzing drag and wall pressure measurements. Circular flat plates of different sizes are used to simulate a test model at high angles of attack. The present analysis results in simple formulas for corrections of model wake blockage effect. To verify the present correction formula, the NASA TP-1803 model is force-tested in the tunnel. The corrected test data agree well with the NASA TP-1803 data. 
Nomenclature a: model reference area A: wind tunnel cross sectional area B: length of pressure plate BF b , BF l , BF p : model wake blockage factor, when = CLmax , 5 nl , and nl 5 5 CLmax of lift-curve C D , C Dc , C Du : drag coefficient, corrected drag coefficient and uncorrected drag coefficient ÁC D : increment of drag coefficient ÁC P : static pressure coefficient, C P , increment relative to empty tunnel value at same location C L : lift coefficient E sb , E wb : solid blockage and wake blockage H: value of ÁV=V 1 at end of pressure plate (x=B ¼ 1) V 1 , ÁV: free flow velocity and increment of velocity x: distance of some orifice to front end of pressure plate " m : value of ÁV=V 1 at model location : angle of attack for model nl , CL max : angle of attack at beginning of nonlinear portion and at maximum lift coefficient of lift-curve slope
Introduction
High angle of attack phenomena have been of interest to aerodynamicists, aircraft designers, pilots and control system analysts ever since the advent of modern jet fighters. When a jet fighter operates at high angles of attack, the resulting aerodynamics can be highly nonlinear because of the complicated flow field around the configuration, including unsteady boundary layer, vortex generating, translating, developing and bursting, post stall departures, spin, etc., and their mutual interaction. 1) Aerodynamicists and aircraft designers are heavily dependent on wind tunnel test results to evaluate high angle of attack phenomena in aircraft design or troubleshooting. To minimize the effects of tunnel wall interference on test results, wind-tunnel calibration is the first step.
Tunnel wall interference arises because airflow passing through a test model in a wind tunnel is constrained by the tunnel walls. When correcting wind tunnel data to free air data, two blockage effects affecting dynamic pressure must be taken into account. 2) (1) Solid blockage -The presence of a model within the constraints of the test section reduces the effective area of flow around the model. This decrease in area increases the velocity of the air as it flows over the model and thus decreases the pressure around the model causing pressure gradients that must be corrected. The solid blocking factor can be estimated with the following formula:
(2) Wake blockage -When a model is in the test section, a wake is formed behind the model which has a lower velocity and thus a higher pressure than the free stream. To satisfy the flow continuity, the velocity of the air outside the wake must be greater than the free stream velocity, causing pressure differences along the model that affects the drag. The drag is corrected using the relation:
where K 1 ¼ a=ð4AÞ (a is model reference area, A is tunnel cross sectional area). Because of differences in flow field characteristics, the model blockage effect can be estimated by examining three Ó 2008 The Japan Society for Aeronautical and Space Sciences different regions of a lift-curve (C L vs. ) as shown in Fig. 1 . When 5 nl , C L is linearly proportional to and the flow around the model is fully attached. When nl 5 5 CL max , the lift curve is nonlinear and the flow is partially separated. The model loses part of its lift. When = CL max , the flow is mostly separated. Therefore the model loses lift rapidly and the lift-curve drops correspondingly.
For these three regions, each one has its own relative blockage factor as described in the following:
(1) Attached flow: When 5 nl , the model blockage factor (BF l ) can be directly calculated from formula:
(2) Fully-separated flow: When = CL max , the model blockage factor is entirely due to the wake region of flow separation. The factor of model blockage at this time is called wake blockage factor (BF b ). Determining the value of BF b is a main purpose of this paper.
(3) Partially-separated flow: When n1 5 5 CL max , the model blockage factor (BF p ) is calculated from interpolation between attached flow and fully-separated flow curves:
Wind tunnel investigations of the model wake blockage effect have been conducted in the past. [4] [5] [6] [7] [8] [9] [10] [11] [12] In general, two experimental measurement methods, drag analysis and wall pressure analysis, have been used for estimating the wake blockage effect for which the necessary data could be obtained in the wind tunnel test. In addition to wind tunnel experimental investigations, wind tunnel wall corrections were also studied based on Computational Fluid Dynamics. [13] [14] [15] The main objective of this paper is to obtain the wake blockage corrections by both model drag and wall pressure measurements in a low speed wind tunnel. Several circular flat plates of different sizes are used to simulate the wake blockage effect.
Experimental Arrangement

Wind tunnel (Fig. 2)
The experiment is conducted in the 2:2 Â 3:1 m lowspeed wind tunnel at the Aeronautical Systems Research Division/Chung Shan Institute of Science and Technology (ASRD/CSIST). The tunnel is a closed-circuit type. The operating air speed ranges from 10 to 370 km/h. The maximum achievable Reynolds number is 6:6 Â 10 6 /m. A settling chamber consisting of a honeycomb and a screen is located upstream of the test section to enhance flow quality. There are turning vanes at each corner of the wind tunnel to smoothly turn the flow direction. The contraction ratio of the contraction section, which accelerates the flow, is 7.7. The power source is a seven-bladed motor with maximum horsepower of 1500. The flow speed is controlled by adjusting the motor speed.
Data acquisition system
A six-component strain-gauge type balance with sting support is used to measure the forces and moments of the model. The pressures are measured by pressure transducers with signal conditioners. Analog signals from the balance and pressure transducers are converted to digital signals by an HP VXI data acquisition system and then processed by an HP 745I workstation connected to terminal, printer, hard disk, etc.
Test models
(1) Flat plate models Five different sizes of circular plates were tested in the experiment. These plates were chosen to simulate the model wake conditions due to easy fabrication and low cost. The plate parameters are listed in Table 1 . The arrangement of the test model in the tunnel is shown in Fig. 3 .
(2) NASA TP-1803 model 16) As shown in Fig. 4 , the model has a wing sweep angle of 44 degrees, an aspect ratio of 2.5, and a taper ratio of 0.2; its moment reference point is located at the 1/4 chord point measured from the junction between the wing and fuselage. A six-component internal balance, located at 93 cm measured from the nose tip of the model fore-body, is installed in the model. Test data obtained from the NASA TP-1803 model was used to verify the present blockage correction results.
Pressure plate
A pressure plate was installed on the ceiling of the test section as shown in Fig. 3 . The plate is 580 cm long and has 39 equidistant pressure orifices along its centerline as shown in Fig. 5 . The dimensionless distance of each pressure orifice can be defined as x=B, where B is the length of the pressure plate. The model was located 183 cm downstream from the leading edge of the plate. The model and support system were well covered by the pressure orifices on the plate.
Testing Methodology
Drag analysis
The flat plate was installed on different adapters (30  , 60 and 90 , shown in Fig. 6 ) to simulate the variations of the model's frontal areas at different angles of attack. The drag coefficients C Du (uncorrected drag coefficient) of various area ratios (a=A) were measured by the balance. The value of C Dc (corrected drag coefficient) was obtained by extrapolating the C Du curve for a=A value approach to zero. The wake blockage factor is obtained by the following equation:
By using the least-squares fit, the relationship between BF b and a=A was obtained. In the drag analysis, the Reynolds number was 4:5 Â 10 6 /m to simulate the projected area variations with angles of attack for the test models.
Wall pressure analysis
In a typical experiment (Fig. 7 ) wall pressures were measured along the centerlines of the tunnel wall.
For the wall pressure analysis, the wind tunnel wall pressure distribution was used for correction of tunnel wall effects on the model. The influence of the model support system on the wind tunnel wall pressures should be corrected to the same dynamic pressure and support system condition. Consequently, the model and support system must be well covered by the pressure orifices.
Pressure coefficients measured at tunnel surfaces with the tunnel empty were first subtracted from corresponding model-present values measured at the same dynamic pressure. The resulting increment, C p , was then converted to a velocity increment using the equation: One study 6) devised a semi-empirical method for calculating blockage for flat plates based on the assumption that there is equivalence between tunnel and free-air flows in terms of the form of the plate pressure distribution, and presented some evidence in favor of this assumption. However, this study noted that the wake changes the cross-sectional area under constraint, the magnitude of the change increasing with plate area ratio, a=A.
The final result, when written in terms of the blockage increment in velocity, was as follows:
Maskell 6) showed that the ''blockage factor'' Â varies slowly with the plate aspect ratio in the interval 1 5 aspect ratio of flat plate 5 10, within which it could reasonably be taken to be 5/2. Figure 8 shows the sequence where drag corrections are made. The major corrections are for ''horizontal buoyancy'' effects arising from wake blockage to dynamic pressure for changes caused by both wake and solid blockage. The incremental drag coefficient can be obtained using the following equations:
where H in Eq. (8) is the value of ÁV=V 1 for different a=A at the end of pressure plate (x=B ¼ 1). Referring to Fig. 12 , each a=A has its own corresponding value of H. Then, the corrected drag coefficient can be calculated as follows:
where " m in Eq. (9) is the value of ÁV=V 1 for different a=A at the model location (x=B ¼ 0:32). (Fig. 9) A six-component internal balance is used to measure the forces and moments. Calibration of balance and pressure transducers, sting deflection, load check, grit spreading on wings, etc., was performed before the test. The test data were compared with those measured at NASA Langley to verify the quality of the tunnel's performance with the present blockage corrections.
NASA TP-1803 model testing
Results and Discussions
Drag analysis
A plate model of different sizes was used for force measurement as indicated earlier. The test results for the change in C Du with respect to a=A for three different adapters are plotted in Fig. 10 . The values of C Du increase at higher a=A for each adapter. The corrected values of drag coefficient, C Dc were calculated by extrapolation of each curve to a=A ¼ 0. The wake blockage factor, BF b , was determined using Eq. (5). The relationship between BF b and a=A is shown in Fig. 11 . The BF b values are higher as a/A increases and the values for the three adapters are similar at the same a=A. An analytical expression for BF b for the data in Fig. 11 was obtained by a least-squares fit, resulting in: 
Wall pressure analysis
In wall pressure analysis, the distributions of the relative velocity increment, ÁV=V 1 , from Eqs. (6) and (7) are plotted in Fig. 12 . The higher a=A, the larger the variations of ÁV=V 1 along with x=B. The maximum ÁV=V 1 value for each different a=A is located at about x=B ¼ 0:40, which is behind the installation position of the flat plate model (x=B ¼ 0:32) and with the largest wake blockage effect. To take the ÁV=V 1 value of the last pressure orifice (port 39) as the value of H, ÁC D can be obtained using Eq. (8) . C Du and C Dc can be calculated from Eqs. (7) and (9) . The uncorrected and corrected drag coefficients for the flat plate models are shown in Fig. 13 . C Du has a higher value as a=A increases, but C Dc remains almost unchanged. A least-squares fit gives the following expression: 
Comparison analysis
The BF b results from the drag analysis and wall pressure analysis are compared with the results of GD CONVAIR 3) in Fig. 14 . The trend is almost the same. The data deviations between drag analysis with GD CONVAIR and wall pressure analysis with GD CONVAIR for area ratios of 3% and 5% are listed in Table 2 . The deviations are all less than 4%.
The advantages of the wall pressure analysis method are as follows:
(1) The drag coefficient can be obtained directly from the static pressure measurement on the wind tunnel wall. The error associated with extrapolation of the C Du curve can be avoided.
(2) Only the windward area of the test model needs to be changed in the experiment. This saves time. A more accurate wake blockage factor can also be obtained.
NASA TP model force testing
The test conditions were set to a dynamic pressure of 293 kg/m 2 (2871.4 N/m 2 ), Mach number 0.2, and Reynolds number of 1:6 Â 10 6 . The angles of attack range were from À4 to 55 degrees. The test results with wake blockage corrections using the wall pressure analysis method are compared with the NASA TP data 16) in Fig. 15 . The results of wake blockage correction for both lift and drag coefficients have very good agreement with the reference data. The results with wake blockage correction show no difference in the raw data in the range of 5 nl , small deviations in the range of nl 5 5 CL max , and large deviations when = CL max . The deviation ratios for five angles of attack from 20 to 55 degrees are listed in Table 3 . 
Conclusions
The main objective in this paper was to investigate two methods of model wake blockage correction and present quantitative deviations of the corrections by using the NASA TP-1803 reference model. Blockage factors from both the drag and wall pressure analyses equally well model wake blockage corrections at high angles of attack. However, the wall pressure analysis method had better advantages. In the range of nl 5 5 CL max , the deviation of aerodynamic coefficients between the case with wake blockage correction and without correction was small. However, the deviation became significant as = CL max .
The force-test results with wake blockage corrections agreed very well with the NASA TP-1803 reference data, supporting use of NASA TP-1803 as the standard model to confirm correction of the wake blockage effect at tunnel maintenance. To simulate test section flow conditions more accurately, the blockage factor should be used to correct the measured data for the dynamic pressure, Reynolds number, and lift/drag coefficients. 
